With the aim of eval u at ing ca pa bil i ties of a ven ti la tion sys tem to con trol the spread of smoke in the emer gency op er at ing mode, thereby pro vid ing con di tions for safe evac u a tion of peo ple from a fire-struck area, com pu ta tional fluid dy nam ics sim u lation of a fire in a semi
In tro duc tion
A proper de sign and con struc tion of a smoke ex trac tion sys tem, ei ther dur ing construc tion of a new build ing or re con struc tion of old ones, rep re sents an im por tant mea sure that has to be taken to re duce haz ard that peo ple may be ex posed to in case of fire. An ap pro pri ate ar range ment of smoke ex trac tion open ings, as well as proper se lec tion of an op er at ing mode of a ven ti la tion sys tem, en able pre ven tion of fur ther fire spread ing by de creas ing fresh air supply, i. e. pro vide con di tions for safe evac u a tion of peo ple from fire-struck area by ef fi cient smoke ex trac tion. There fore, for proper de sign of these sys tems, apart from know ing com bustion dy nam ics of par tic u lar ma te ri als, the amount of heat and smoke pro duced dur ing their com bus tion, it is nec es sary to have a re li able meth od ol ogy for pre dict ing what would, in differ ent op er at ing modes of a smoke ex trac tion sys tem, hap pen with fire, i. e. how the air temper a ture and ve loc ity fields will change in a fire-struck area and in which di rec tion smoke will spread, i. e. re main.
"Con ven tional" ex per i men tal meth ods, as meth od ol o gies for solv ing the above-mentioned ques tions, are very rarely ap plied due to their high price and long pe riod for cal cu la tion, es pe cially in the phase of a build ing de sign. Other semi-em pir i cal meth ods for pre dict ing the afore men tioned fields that rely on the use of ex per i men tal data on smoke spread ing in seem ingly im mov able air or in the pres ence of air jets, i. e. on the be hav iour of air near open ings, are very un re li able. Among oth ers, sig nif i cant dis ad van tage of this ap proach is scar city or com plete lack of in for ma tion about phys i cal prop er ties of sub stances in parts of area out side of the zones near ex trac tion open ings. Also, the use of such ex pres sions and di a grams in real con di tions usu ally leads to con sid er able dif fer ences be tween the es ti mated and achieved fields of the afore men -tioned prop er ties. A sim i lar, if not worse sit u a tion is with now a days con ven tional meth od ol ogies based on em pir i cal data on the nec es sary num ber of air re place ments and other sim i lar very rough cal cu la tions. There fore, solv ing the de scribed prob lem be fore the ap pear ance of com puta tional fluid dy nam ics (CFD) and its use in the de sign of ven ti la tion and smoke ex trac tion systems, as well as the com bus tion pro cess and fire spread ing, was a very dif fi cult task.
Un like the con ven tional ap proach, the nu mer i cal CFD-ap proach en abled, re gard less of the com plex ity of geo met ri cal area and bound ary spa tial and time con di tions, rel a tively easy and, at the same time, very pre cise pre dic tion of even very com plex fields of ve loc ity, tem per ature, and con cen tra tions formed in the air in case of fire. This ap proach, based on the space discretization and mesh gen er a tion, thus form ing a very large num ber of fi nitely small con trol vol umes (CV) and set ting and si mul ta neous solv ing of bal ance equa tions de fined for each CV, made it pos si ble to gather in for ma tion on fluid ve loc ity, pres sure, tem per a ture, den sity, tur bulence level, con cen tra tion of par tic u lar sub stances, etc. for a sig nif i cantly large num ber of points in vol ume. This par tic u lar ad van tage of the CFD-ap proach has made it an al most ideal method for de sign ing ven ti la tion, i. e. smoke ex trac tion sys tems [1, 2] .
Prob lem de scrip tion
As part of a Me chan i cal De sign (MD) of a heat ing and ven ti la tion sys tem of a par tic ular block of flats, it was nec es sary to de sign the ven ti lat ing sys tem, i. e. smoke ex trac tion sys tem of a semi-bed ded ga rage be neath the same build ing. The rect an gu lar ga rage, with in ner di mensions of 15.8 × 15.8 × 3.2 m, had all four sides em bed ded into the ground up to 50% of its height. In the ga rage, there were 4 cy lin dri cal con crete sup port ing pil lars with the outer di am e ter of 0.7 m. Ac cord ing to the Civil En gi neer ing De sign, there is a mov able door on the ap proach side, planned for en trance and exit of ve hi cles. The door di men sions are 3.2 × 2.5 m. The ga rage is sup plied with three win dows, with di men sions 1.0 × 0.6 m on one side and one op po site wall, at the height of 2.2 m mea sured from the ga rage floor. The door for en trance and exit of peo ple, i. e. for their evac u a tion, stands on the op po site wall of the car door. The ga rage ca pac ity is 12 passen ger ve hi cles in two rows.
In nor mal op er at ing con di tions, ga rage space is ven ti lated by nat u ral ven ti la tion or by forced ven ti la tion, in case of ex ceed ing par tic u lar ex haust gas con cen tra tion in the air. In case of forced ven ti la tion, ef fi ciency of two dif fer ent con struc tive so lu tions were ana lysed. The first tech ni cal so lu tion in cluded the ven ti la tion chan nel routed to the cen tre of the ga rage, where the suc tion open ing was placed at the bot tom chan nel side and it was used for ex tract ing the air out of the ga rage (op tion ally on lat eral sides). The sec ond tech ni cal so lu tion of the de sign avoided rout ing chan nels in side the ga rage, and one of the ex ist ing win dow open ings had been transformed into a suc tion open ing of the ven ti la tion sys tem.
Ac cord ing to the MD, the use of a ven ti la tion sys tem was envisiged for the smoke extrac tion in the case of fire start in the ga rage space i. e. fire on one of the parked cars. Fur thermore, in case it works as a ven ti la tion sys tem, in com pli ance with the ex ist ing le gal reg u la tions in this area [3] , a fan should op er ate in a way that pro vides an air change rate of 6 changes per hour; in case it works as a smoke ex trac tion sys tem, the air change rate should be 12 changes per hour.
Ac cord ing to the terms of ref er ence of the MD, in the part that elab o rates on the problem of a smoke ex trac tion sys tem, the fol low ing items should be an a lyzed: -determination of the optimal position of an extraction ventilation opening, i. e. extraction opening for the smoke extraction system in which, in the designed operating mode of 12 air changes per hour, smoke produced by the car on fire will not fill the whole garage space, i. e.:
-the smoke concentration should be reduced to minimum in the selected reference pointnear the door for entrance/exit of people, and -temperature in the selected reference point should be as low as possible, -verification of the capability of operating modes of a smoke extraction system in terms of the ability to extract smoke out of the garage space for minimal time. In the absence of the quantitative values of produced smoke quantity, it was considered that the smoke concentration on boundary surfaces of the car on fire was equal to 100% (C = 1.00), and in "fresh" air 0% (C = 0.00). According to the above-mentioned, it was defined that a smoke extraction system should provide: -smoke concentration near the door for entrance/exit of people lower than 30%, and -temperature near the door for entrance/exit of people not higher than 40 °C.
Nu mer i cal cal cu la tion of ve loc ity, tem per a ture and smoke field in the ga rage

Nu mer i cal model
The first step for the cal cu la tion of flow and tem per a ture fields, i. e. smoke con cen tration fields formed in case of fire within the ga rage space, was gen er at ing a 3-D ga rage space model by com mer cial CFD soft ware pack age PHOENICS 3.4. Ac cord ing to the as sumed phys ical sit u a tion, the fa cil ity lay out was gen er ated -12 cars with di men sions 3.9 ´ 1.4 ´ 1.4 m, 4 con crete pil lars and a ven ti la tion chan nel, i. e. po si tion of ap pro pri ate smoke ex trac tion open ings, win dows and doors.
In ner, vir tual ga rage space was divided into CVs in such a way that all bound ary sur faces of CVs were aligned with the con tours of ap pro priate solid bod ies and bar ri ers within the space. Thus gen er ated mesh was ad di tion ally bal anced, i. e. made thicker, by add ing con trol vol umes in zones near win dows and open ings. To tal num ber of formed con trol volumes was 39 ´ 43 ´ 26 = 43.602 ( fig.  1) .
Math e mat i cal model
For the cal cu la tion of flow and tem per a ture fields of air formed within the ga rage, a two-equa tion k-e tur bu lent model was used [4] . This uni ver sal tur bu lent model was cho sen due to its con firmed re li abil ity in pre dict ing the flow fields dur ing flows with the Mach num ber consid er ably lower than 1 [5] . Apart from three, i. e. four ba sic bal ance equa tions de scrib ing non-sta tion ary in com press ible fluid flow for each pre vi ously de fined con trol vol ume: -con ti nu ity equa tion 
with ad di tional -bal ance equa tion of smoke "con cen tra tion" (mass frac tion of smoke in the air)
this tur bu lence model was de fined with -trans port equa tion for the tur bu lence ki netic en ergy
-and trans port equa tion for the dis si pa tion rate 
In the afore men tioned equa tions, ac cord ing to a stan dard pro ce dure, S ij was de fined as the main strain-rate ten sor:
and P k , the vol u met ric pro duc tion rate of k by shear forces is
Mod el ling of the Reynolds stresses ten sor was based on the Boussinesq hy poth e sis:
where the eddy vis cos ity -m t was de fined by the equa tion
Since the value of mo lec u lar diffusivity of smoke into the air was neg li gi ble com pared to the tur bu lent (mo lar) diffusivity, it was ne glected dur ing the cal cu la tion.
The val ues of the em pir i cal con stants of this model, as well as the val ues of the Prandtl (enthalpy), i. e. Schmidt tur bu lent num ber, are given in tab. 1. Apart from the k-e tur bu lent model, and as a stan dard pro ce dure for two-equa tion turbu lent mod els, the Reynolds enthalpy flux, i. e. the Reynolds flux of smoke con cen tra tion was mod elled in ac cor dance with the prin ci ples of the sim ple gra di ent-dif fu sion hy poth e sis:
Ta ble 1. Em pir i cal con stants of k-e model
i. e.
Since both flu ids -air and smoke -can be con sid ered as ideal gases, i. e. their mix ture, re gard less of frac tions of par tic u lar com po nents, can be treated as ideal gas, for de ter min ing flow and tem per a ture fields and smoke con cen tra tion fields, the so-called sca lar vari able marking method was used.
Re gard ing (mo lec u lar) vis cos ity, it was as sumed that there was square ther mo dy namic tem per a ture de pend ency:
whereas, for a spe cific ther mal ca pac ity of air at con stant pres sure, i. e. its ther mal con duc tiv ity, it was as sumed that they had con stant val ues, c p = 1004 Jkg
Due to rel a tively high com bus tion prod uct tem per a tures gen er ated dur ing car burn ing, in or der to gain higher pre ci sion, heat trans fer by ra di a tion was also cov ered by nu mer i cal cal cula tion. The so-called im mersed-solid (Immersol) ra di a tion model [6, 7] was used. Within the space be tween sol ids, the dis tri bu tion of radiosity, i. e. sT 3 4 , can be rep re sented as the fol low ing equa tion:
where: E 12 stands for the phase-sur face-av er age of sT 4 , a = 0.1 stands for the ab sorp tivi ty of the fluid me dium, and s = 0.1 stands for the scat ter ing co ef fi cient of that me dium. G rad is de fined as the re cip ro cal of G rad = 0.75[(a + s + 1/w gap )], and w gap stands for the dis tance be tween ad ja cent walls.
Bound ary and ini tial con di tions
Ac cord ing to the real phys i cal sit u a tion, i. e. de signed lay out of the ga rage and smoke ex trac tion sys tem, it was nec es sary to spec ify bound ary spa tial and ini tial con di tions for ve locity, tem per a ture (en ergy), and smoke con cen tra tion fields.
-Boundary conditions for contact between air and solid surfaces
The "wall" func tion model was used for spec i fy ing bound ary con di tions near the solid sur faces within the ga rage, re lated to the ve loc ity field. Since the used tur bu lent model be longs to a class of the high Reynolds tur bu lent model, for de ter min ing val ues of vari ables, i. e. their flows next to the plate, wall func tions of the log a rith mic area of the tur bu lent bound ary layer were used [5, 8] .
At the same time, the fol low ing was as sumed as bound ary con di tions for the tem per ature field: -garage walls were adiabatic surfaces with thermal emissivity of 0.9, -cars which were not on fire were made of steel sheet metal with thermal emissivity of 0.9, and -contour of the automobile on fire was treated as a thermal source contour, i. e. smoke source. Ther mal emis sion dy nam ics of this thermal source had a shape of a "saw" func tion. This shape of the func tion was gen er ated by the ap prox i ma tion of ex per i men tal data [9] in case of one au to mo bile burn ing in an un derground ga rage ( fig. 2) .
Smoke pro duc tion dy nam ics was de fined by as sum ing pro por tion al ity be tween smoke quan tity pro duced dur ing com bus tion and amount of heat re leased dur ing that pro cess [10] . Dur ing this, in the ab sence of quan ti tative val ues of pro duced smoke quan tity, it was con sid ered that the smoke con cen tra tion on bound ary sur faces on the au to mo bile on fire equalled 100% (C = 1.00), and in "fresh" air 0% (C = 0.00).
-Boundary conditions on window panes and doors
Since the vari able val ues in the do main out side sec tions (win dows) are com pletely unknown, ex cept in the case of ga rage smoke ex trac tion open ings, the so-called con di tion of "constant" pres sure [11] as a bound ary con di tion was used. This con di tion con sists of spec i fy ing zero de riv a tives in the di rec tion nor mal to the out go ing plane, i. e. spec i fy ing sec ond bound ary condi tions for all val ues of de pend ent vari ables, ex cept for ve loc i ties nor mal to the out go ing plane, i. e. ¶F/ ¶x 2 ï out = 0 and ¶F/ ¶x 3 ï out = 0 (F = k, e, H, and C), and spec i fy ing a pres sure value equal to the am bi ent pres sure Pï out = P amb . Val ues of miss ing ve loc i ties were de fined in di rectly, by using pres sure val ues.
The door for en trance of ve hi cles was shut, as well as the door for the evac u a tion of peo ple. Ther mal emissivity of these sur faces was spec i fied to be 0.9.
The as sumed out side air tem per a ture was 17 °C.
-Boundary conditions at smoke extraction openings
Ve loc ity field at the smoke ex trac tion open ing was spec i fied by us ing ap pro pri ate values of the vol u met ric air flow.
-Initial conditions
The as sumed tem per a ture of the air and all ob jects within the ga rage space equalled at the ini tial mo ment. Smoke con cen tra tion in the air of the whole ga rage space equalled zero, and the air was as sumed to be ab so lutely still.
The anal y sis was done on only one op er at ing mode with 12 air re place ments per hour and it was spec i fied that the smoke ex trac tion sys tems would be ac ti vated 1 min ute and 2 minutes af ter the out break of fire.
Op ti mi za tion of the po si tion an ex trac tion open ing in the ga rage space
Op ti mal po si tion of an ex trac tion open ing of a smoke ex trac tion sys tem, i. e. ven ti lation sys tem was se lected by per form ing nu mer i cal sim u la tions. All sim u la tions were per formed for un steady -tran sient con di tions. Ac cord ing to the ex per i men tal data on the du ra tion of fire, time do main for each sim u la tion was 40 min utes. Good con ver gence of the so lu tion was achieved for the time step of 5 sec onds, with 200 it er a tions within each time step.
Nu mer i cal sim u la tions were per formed both for the case of rout ing the ven ti la tion chan nel to the cen tre of the ga rage and for the case of smoke ex trac tion through one of the window open ings. Sev eral sim u la tions were made for the case of fire spread ing from one car to another, but since such an event is un likely to oc cur, in all other sim u la tions, we con sid ered the case where only one car was on fire. Also, the po si tion of the car on fire in sev eral ini tial sim u lations was changed. Af ter wards, it was de cided to use the sec ond car from the en trance and exit door as the rep re sen ta tive po si tion of the ve hi cle (the worst sce nario).
By view ing all achieved re sults, it was de ter mined that the tem per a ture near the area of the car on fire was be tween 200 and 370 °C, which cor re sponded to ex per i men tally de ter mined val ues [12] . Ac cord ing to the cri te ria set by the terms of ref er ence (ToR) of the pro ject, it was 
Con clu sions
Ana lys ing and re view ing the re sults of the nu mer i cal sim u la tion of a fire spread in a semi-bed ded ga rage, with di men sions 15.8 ´ 15.8 ´ 3.2 m, caused by the fire out break on one car, the fol low ing could be con cluded: -smoke extraction system should be as close as possible to the place of fire, i. e. on the wall "behind" the automobile on fire or, if there is only one location for smoke extraction, on the ceiling in the central zone of the garage; in that case, smoke extraction openings must not be placed on the bottom, but exclusively on the lateral channel sides, because only in this way will it be possible to extract smoke accumulated in the ceiling area. -the operating mode of a smoke extraction system with the rate of 12 air changes per hour specified by DIN EN 12101 (Smoke and heat control systems) standard will make sure that, in the space around the entrance and exit door for people, smoke concentration will not exceed 30%, i. e. that the air temperature will not exceed 40 °C, and only will be provided if smoke extraction system is located in the central part of the garage space and smoke extraction systems are activated within 1 minute following the fire outbreak. 
No men cla ture
